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Abstract Bone and muscle, two major tissue types of musculoskeletal system, have strong genetic determination. Abnormality in bone and/or muscle may cause musculoskeletal diseases such as osteoporosis and sarcopenia. Bone size phenotypes (BSPs), such as hip bone size (HBS), appendicular bone size (ABS), are genetically correlated with body lean mass (mainly muscle mass). However, the specific genes shared by these phenotypes are largely unknown. In this study, we aimed to identify the specific genes with pleiotropic effects on BSPs and appendicular lean mass (ALM). We performed a bivariate genome-wide association study (GWAS) by analyzing *690,000 SNPs in 1,627 unrelated Han Chinese adults (802 males and 825 females) followed by a replication study in 2,286 unrelated US Caucasians (558 males and 1,728 females). We identified 14 interesting single nucleotide polymorphisms (SNPs) that may contribute to variation of both BSPs and ALM, with p values \10 -6 in discovery stage. Among them, the association of three SNPs (rs2507838, rs7116722, and rs11826261) in/near GLYAT (glycine-N-acyltransferase) gene was replicated in US Caucasians, with p values ranging from 1.89 9 10 -3 to 3.71 9 10 -4 for ALM-ABS, from 5.14 9 10 -3 to 1.11 9 10 -2 for ALM-HBS, respectively. Meta-analyses yielded stronger association signals for rs2507838, rs7116722, and rs11826261, with pooled p values of 1.68 9 10 , 3.96 9 10 -4 for ALM-HBS, respectively. Haplotype allele ATA based on these three SNPs was also associated with ALM-HBS and ALM-ABS in both discovery and replication samples. Interestingly, GLYAT was previously found to be essential to glucose metabolism and energy metabolism, suggesting the gene's dual role in both bone development and muscle growth. Our findings, together with the prior biological evidence, suggest the importance of GLYAT gene in co-regulation of bone phenotypes and body lean mass.
Introduction
Bone and muscle are two major tissue types of musculoskeletal system. Bones sustain mechanical loads and provide load points for muscles, and muscles keep bones in place and are responsible for major mechanical loading of bones (Handoll et al. 2007 ). Abnormality in bone and/or muscle may cause musculoskeletal diseases such as osteoporosis and sarcopenia. Osteoporosis is a major public disease characterized by decreased bone strength and increased fracture risk (McCloskey 2011; Orwig et al. 2011) . Hip fracture is the most common and serious type of osteoporotic fracture, often leading to prolonged or permanent disability, or even death, for some patients (McCloskey 2011; Orwig et al. 2011) . Bone mineral density (BMD) is considered to be an important, but not exclusive, determining factor for bone strength and fracture risk. Bone size, independent of BMD, is another important factor, that determines bone strength and is directly associated with osteoporotic fractures (Ahlborg et al. 2003; McCreadie and Goldstein 2000; Tan et al. 2008; Deng et al. 2002a, b) . Many recent studies have suggested that hip bone size (HBS) could be an useful measurement for assessment of hip fracture risk (Ahlborg et al. 2003; McCreadie and Goldstein 2000; Tan et al. 2008; Deng et al. 2002a, b) .
The muscular tissue, as characterized by body lean mass, is also closely associated with human health. Low body lean mass is related to a series of health problems, such as sarcopenia, impaired protein balance, obesity, and osteoporosis (Fry and Rasmussen 2011; Lee et al. 2011; Capozza et al. 2008) . Body lean mass and bone size are closely related (Ferretti et al. 2001 (Ferretti et al. , 2003 Cointry et al. 2004) . It has been demonstrated that lean mass can predict bone size in pre-pubertal children and can serve as a major determinant of bone size (Martin 2002; Micklesfield et al. 2011; Baptista et al. 2012) . Bone size, in turn, has been shown to be adapted to the dynamic load imposed by muscle force. Dynamic strains provided by muscle may be an important stimulus of bone adaptation (Ferretti et al. 2003) .
From the genetic perspective, both body lean mass and bone size are known to have strong genetic components, with heritability over 50 % (Liu et al. 2009b; Lei et al. 2012; Karasik et al. 2009; Livshits et al. 2007; Deng et al. 2002a, b) . Genetic analyses also have shown that body lean mass are significantly correlated with bone size (Chumlea et al. 2002) , thus these phenotypic traits might share some common genetic factors. However, the specific SNPs/genes linked with both BSPs and body lean mass are largely unknown.
Bivariate genome-wide association study (GWAS) is an effective approach to detect pleiotropic genes for complex traits (Liu et al. 2009a, c; Pei et al. 2009; Zhang et al. 2009; Sun et al. 2011) . To identify the specific pleiotropic SNPs/ genes that contribute to both BSPs and body lean mass, we performed a bivariate GWAS in a large Chinese sample, and followed by a replication study in Caucasians. Since appendicular lean mass (ALM, sum of lean mass in the arms and legs) is a better proxy measure of body skeletal muscle mass than total body lean mass for assessing exercise capacity and predicting related diseases (Kim et al. 2002; Heymsfield et al. 1990 ), we utilized ALM as the phenotype for association analyses. In addition to bivariate analysis on ALM and HBS, we also analyzed ALM and appendicular bone size (ABS), as ALM is most naturally correlated with bone size of the appendicular skeleton.
Materials and methods

Subjects and phenotypes
The study was approved by the involved Institutional Review Board. All study participants signed informed consent documents before they entered the project. Two independent cohorts were included in this study: a cohort of 1,627 unrelated adult Han Chinese (802 males and 825 females) recruited from Changsha and Xi'an and their surroundings areas, and another cohort of 2,286 unrelated homogeneous US Caucasians (including 558 males and 1,728 females) living in Kansas City and its surrounding areas. Both cohorts were recruited for studies aimed in searching for genes underlying variations in body compositions (bone mass, fat mass, and lean mass). Anthropometric measures and a structured questionnaire including diet, lifestyle, medical history, family information, and others were obtained for all subjects. Strict exclusion criteria were adopted to minimize any known and potential confounding effects on variation of body composition phenotypes. Generally, subjects with chronic diseases and conditions involving vital organs (heart, lung, liver, kidney, and brain) and severe endocrinological, metabolic, and nutritional diseases were excluded from this study.
Two BSPs and ALM were used in this study. HBS was areal bone size (cm 2 ) at the total hip (femoral neck, trochanter, and intertrochanteric region). ABS was the sum of areal bone size (cm 2 ) of arms and legs. ALM (g) was the sum of lean soft tissue (non-fat, non-bone) mass in the arms and legs. In both cohorts, HBS, ABS, and ALM were measured by dual-energy X-ray absorptiometry (DXA) with Hologic densitometers (Hologic Inc., Waltham, MA, USA) followed the standard protocol recommended by the manufacturer. The machines were calibrated daily. The values of coefficient of variation (CV) of DXA measurements for Chinese subjects were comparable to those obtained for US Caucasians.
Genotyping
Genomic DNA was extracted from peripheral blood leukocytes using the Puregene DNA isolation kit (Gentra Systems, Minneapolis, MN, USA). All subjects were genotyped using the Human mapping SNP 6.0 assay kit (Affymetrix, Inc, Santa Clara, CA), following the standard protocol recommended by the manufacturer. For quality control (QC) of SNPs, we set the default value of greater than 0.4 as the contrast QC threshold. The final average contrast QC across the entire sample reached the high level of 2.62. In the initial stage, 909,622 SNPs were genotyped for the Chinese subjects. After excluding 17,888 SNP with allele frequencies deviating from Hardy-Weinberg equilibrium (p \ 0.01) and 202,984 SNPs with minor allele frequencies (MAF) \1 % (618 SNP were included by both exclusion criteria), a final total of 689,368 SNPs were retained for subsequent analyses, yielding an average marker spacing of *4 kb throughout the human genome.
Statistical analyses
Previous studies suggested that bone phenotypes and body lean mass are two related phenotypes (Ahlborg et al. 2003; Chumlea et al. 2002; Capozza et al. 2008; Cointry et al. 2004; Szulc et al. 2005) . We tested the phenotypic correlation between bone size and body lean mass in the two studied population by the bivariate correlation analysis with the function cor.test of R package (version 2.13.1).
We adopted similar statistical analyses in the initial GWAS and replication study. Before association analyses, raw phenotypes of BSPs and ALM were adjusted for age, sex, and height. To ensure adequate normality of quantitative traits, we applied an inverse normal transformation to each trait prior to association analysis. The inverse normal transformation reduces the impact of outliers and deviations from normality on statistical analysis. The transformation involves ranking all available phenotypes, transforming these ranks into quantiles and, finally, converting the resulting quantiles into normal deviates (Scuteri et al. 2007; Uda et al. 2008) . Principal component analysis (PCA) was performed by EIGENSTRAT to calculate the principal components, and the 10 default main eigenvectors were used as covariates to adjust raw phenotypic data for correction of population stratification (Price et al. 2006 ).
We first performed bivariate GWAS to detect associations between each SNP and two phenotypes in the discovery cohort, and we then conducted bivariate association analysis in the replication cohort. Haplotype association analyses of particular identified SNP groups were performed with both univariate and bivariate framework in the discovery and replication cohorts. An additive genetic model and a linear model were applied to both univariate and bivariate association analyses using the R software package (version 2.13.1). This method is expressed as the following formula, Y i ¼ l þ bX i þ e i , for an individual i, Y i is a vector with length of 1 (for univariate analysis) or 2 (for bivariate analysis) coding the individual's phenotype, l is the ground mean vector, b's are the corresponding effects of the locus (SNP or haplotype block) under test; X i is the genotype score at the locus of interest for individual i, and e i is the vector of random error. We compared the likelihood of the model under the null hypothesis (locus effects are restricted to 0) with that under the alternative hypothesis (the locus effects are not 0), to test the alternative hypothesis. Then, the likelihood ratio can convert to an F-statistic, which follows an F-distribution under the null hypothesis. The p value was calculated based on the F-statistic. To quantify overall evidence of association achieved in our discovery GWAS cohort and in the US replication cohort, we combined individual p values of the two cohorts with a Fisher's method for metaanalysis. The calculation was performed using the MetaP web tool (http://people.genome.duke.edu/dg48/metap.php). The linkage disequilibrium (LD) [standardized D 0 (D/D max )] patterns of interesting SNPs and the haplotype block map was analyzed using Haploview software (available at http:// www.broad.mit.edu/mpg/haploview/) (Barrett et al. 2005) . Phased haplotype of each block were obtained using Plink (version 1.07, http://pngu.mgh.harvard.edu/,purcell/plink/) in the discovery GWAS and the replication study (Purcell et al. 2007) .
Results
The basic characteristics of the study subjects are summarized in Table 1 . Apparently, ALM, ABS, and HBS in women were lower than those in men. And all these three measurements were lower in Chinese than in Caucasian subjects.
Correlation analysis of our phenotype data showed that ALM was highly significantly correlated with BPS (ABS, HBS), with correlation coefficients over 0.50 (p \ 0.001) in both Chinese and Caucasian cohorts. The significant correlations between phenotype pairs indicate the necessity of bivariate analysis to identify the underlying pleiotropic genes.
Hum Genet (2013) 132:189-199 191 Figure 1 shows the distribution of p values of bivariate GWAS across the genome in Chinese sample. We identified 14 interesting SNPs that were moderately bivariately associated with ALM and bone sizes (p at the level of 1.0 9 10 -6 or less for ALM-HBS or/and ALM-ABS) ( Table 2 ). Among them, there are two groups of closely neighboring SNPs. Group I was composed of rs961719, rs12648730, and rs1584984 of chromosome 4, which are the top 1-3 significant SNPs for the bivariate association of ALM-ABS (p values were 6.248 9 10 -7 , 6.70 9 10 -7 , 3.43 9 10 -7 , respectively). These three SNPs were in moderate LD r 2 [ 0.50). Group II was composed of SNPs rs2507838, rs7116722, and rs11826261 on chromosome 11 which were in strong LD (r 2 [ 0.91) with each other. The Hum Genet (2013) 132:189-199 193 bivariate association p values of the three SNPs in group II with ALM-ABS genotype pair ranged from 1.75 9 10 -6 to 2.06 9 10 -6 . Using Ensemble genome browser (e66), we obtained the information of position and effect of the 14 SNPs on specific genes and transcripts (Table 2) . Four identified SNPs are located in protein coding gene region. Specifically, the SNP rs2507838 (one SNP in group II) is in the intron of glycine-N-acyltransferase gene (GLYAT), and SNP rs10505721 is in the intron of ELKS/RAB6-interacting/ CAST family member 1 gene (ERC1), and rs4325816 is in the intron of Sp3 transcription factor (SP3), and SNP rs901130 is in the intron of coiled-coil domain containing 33 gene (CCDC33). The other two SNPs (rs7116722 and rs11826261) of group II are intergenic, about 7 and 16 kb away from the gene GLYAT. The three SNPs of group I locate in a non-coding antisense gene (RP11-438E5.1).
We further performed bivariate analysis for the 14 identified SNPs in the replication Caucasian sample. Replication analyses confirmed the association of the three consecutive SNPs of group II (rs2507838, rs7116722, rs11826261), with p values ranging from 1.89 9 10 -3 to 3.71 9 10 -4 for ALM-ABS, from 5.14 9 10 -3 to 1.11 9 10 -2 for ALM-HBS, respectively (Table 2) . Metaanalyses yielded stronger association signals, with pooled p values of 1.68 9 10 -8 , 7.94 9 10 -8 , 6.80 9 10 -8 for ALB-ABS and 1.22 9 10 -4 , 9.85 9 10 -5 , 3.96 9 10 -4
for ALM-HBS, respectively. We also performed bivariate association analyses for haplotypes constructed by the two identified SNP groups. For SNP group I (rs961719, rs12648730, and rs1584984), as shown in Table 3 , we detected that haplotype allele CGA was bivariately associated with ALM-HBS (p = 6.92 9 10 -6 ) and ALM-ABS (p = 6.92 9 10 -7 ) in the discovery Chinese cohort. However, we failed to replicate the association in the replication cohort. For the SNP group II (rs2507838, rs7116722, and rs11826261), haplotype allele ATA was bivariately associated with ALM-HBS (p = 3.20 9 10 -3 ) and ALM-ABS (p = 2.05 9 10 -6 ) in the discovery Chinese cohort. Furthermore, haplotype allele ATA was also bivariately associated with ALM-HBS and ALM-ABS in replication Caucasian sample at the nominal significance level (p \ 0.05) ( Table 3) . The results of univariate haplotype association were less significant but with consistent trend to those of bivariate haplotype association analysis (Table 3) in both populations. Figure 2 shows the LD pattern and the haplotype frequency for the two consecutive SNP groups both in the Chinese and Caucasian samples. As shown in Fig. 2 , these two SNP groups formed tightly combined haplotype block in both population. There is great difference in haplotype frequency for the block of SNP group I (rs961719, rs12648730, rs1584984) between the two populations, and haplotype allele CGG (frequency is 0.157) was only observed in Caucasian sample. While much similar haplotype frequencies were observed for the block of SNP group II (rs2507838, rs7116722, rs11826261) between the two populations.
Discussion
We performed bivariate GWAS analyses for ALM and BSPs to identify potential pleiotropic genes. We found that 14 SNPs (some located within/near four genes, GLYAT, ERC, SP31, and CCDC33) showed associations with both ALM and BSPs.
GWAS is a powerful tool for detecting novel genetic variants underlying common human diseases. To date, however, most published GWASs were largely performed using a univariate framework to analyze individual phenotypes separately. Although univariate GWASs have led to the discovery of novel genes for some specific diseases/ traits, univariate analysis generally has insufficient power to detect genes with pleiotropic effects on two or more correlated phenotypes (such as lean mass and bone size). Recently developed methods for bivariate GWAS allow us to identify potential pleiotropic genes with much increased power than univariate approaches Sun et al. 2011; Liu et al. 2009a, c; Pei et al. 2009 ). The bivariate associations of three SNPs (rs2507838, rs7116722, and rs11826261) with ALM and BSPs in our discovery Chinese cohort were replicated in a Caucasian population. Furthermore, haplotype allele ATA based on these three SNPs were also bivariately associated with ALM and BSPs both in discovery Chinese sample and in replication Caucasian sample, and univariate haplotype analysis with ALM or BSPs showed association signals of the same trend to those of bivariate analyses. The consistent results suggested that the genomic region harboring these SNPs may contain genes with pleiotropic effects on ALM and BSPs in different ethnic groups.
The gene GLYAT, where rs2507838 is located, encodes the glycine-N-acyltransferase protein, a metabolic enzyme conjugating glycine with acyl-CoA substrates in the mitochondria. GLYAT is thought to be important in the detoxification of endogenous and xenobiotic acyl-CoA's and in regulating glucose metabolism and energy metabolism Lino Cardenas et al. 2010) . Reduced expression of GLYAT is associated to hyperglycemia diseases. Glucose metabolism, one of the most basic cellular biochemical reactions, provides energy and material for fundamental cellular activities such as protein metabolism, cell growth, and proliferation (Vander Heiden et al. 2001; Movcessian et al. 1972) . These activities are essential for normal muscle growth and may influence lean mass in human (Leidy et al. 2007 ). Glucose metabolism is also associated with bone development, as elevated glucose levels have been shown to inhibit calcium uptake and bone mineralization (Balint et al. 2001) . Certain expression data from the public databases Gene Expression Omnibus and ArrayExpress also support the association of GLYAT to skeleton muscle system. GLYAT is over expressed in human muscle (p \ 1.0E-10) in a global map of human gene expression (Lukk et al. 2010) . GLYAT is also nominally differentially expressed in a range of muscle disease status, including Emery-Dreifuss muscular dystrophy (p = 1.2E-02), Becker muscular Hum Genet (2013) 132:189-199 195 dystrophy (p = 8.0E-03), and juvenile dermatomyositis (p = 2.7E-02) (Bakay et al. 2006) . Statistical evidences obtained in our study, together with the known biological functions and expressions of this gene, support the role of GLYAT in regulation of metabolism of both muscle and bone. Our study found another group of three consecutive SNPs (rs961719, rs12648730, and rs1584984) ranked at the top for bivariate association with ALM and BSPs in the Chinese cohort, though the findings were not replicated in Caucasians. Furthermore, no significant association signals were observed around the region in Caucasians. Detailed results are shown in the ''Appendix S1''. In fact, differences in haplotype frequency for this three-SNPs block were observed between the Chinese population and the Caucasian population. It is possible that the failure to replicate the associations in Caucasians is due to the genome structure diversity in this region or even genuine diversity of the genetic effects between Chinese and Caucasians. The associations of the other eight SNPs (rs4325816, rs4145971, rs11008640, rs2768331, rs1050 5721, rs11068990, rs12891306, rs901130) in Chinese sample have also not been replicated in Caucasian sample. Genetic heterogeneity has been wildly observed among different races Palmer et al. 2008; Kochi et al. 2009 ). The validity and generality of the identified genetic effects need to be evaluated in additional replication studies of different populations or even through laboratory functional studies.
Most interesting SNPs identified in the initial GWAS in Chinese locates within non-coding genomic regions. Particularly, the most significant three contiguous SNPs (rs1584984, rs961716, and rs12648730) locate within antisense RNA coding gene RP11-438E5.1. Over the past few years, GWASs have revealed a large number of genetic variants related to complex diseases/traits; however, at least one-third of the identified variants are not within protein-coding regions. Although enhancers in the noncoding regions have been anticipated to contain some of these risk variants, another possibility is that these risk variants reside in non-coding RNAs, which are evolutionally conserved across mammals and are biologically functional as cis-and/or trans-regulators of gene activity (Jin et al. 2011) . For example, recent emerging evidence has indicated the important role of genetic variants of microRNAs in diseases (Mattick 2009 ). The current study provided some evidence that variants of non-coding RNAs may be important in etiology of bone-and muscle-related diseases.
In a previous GWAS study of BSPs in Caucasian subjects, we identified that PLCL1 (phospholipase c-like 1) is a novel gene associated with variation of HBS in female Caucasians . In current Chinese sample, SNPs of PLCL1 gene also showed association evidence at HBS, with most p values at the level of 1.0E-4. However, in the current study, we did not find any association signal at ABS, possibly suggesting the differences of genetic determination of bone size at skeletal sites. Meanwhile, SNPs of PLCL1 were not detected to associate with lean mass, with all p value over 0.05.
This study has limitations in sample matching between the two studied cohorts. First, the average ages between two cohorts are different (34.5 years in Chinese vs. 51.6 years in Caucasian). Second, the sex composition is different, with almost half men and half women in Chinese, but many more women in Caucasian (558 vs. 1,728). These may be the two potential factors underlying discrepancy of the findings between Chinese and Caucasians.
In summary, we conducted a bivariate GWAS study Chinese, followed by a replication study in Caucasians. We identify GLYAT gene which appears to co-regulate BSPs and ALM. The study findings may improve our knowledge of genetic correlation between bone and muscle, and may shed light on pathophysiology of the related diseases such as osteoporosis and sarcopenia.
